Objectives: Renal fibrosis is a useful biomarker for diagnosis and evaluation of therapeutic interventions of renal diseases but often requires invasive testing. Magnetization transfer magnetic resonance imaging (MT-MRI), which evaluates the presence of macromolecules, offers a noninvasive tool to probe renal fibrosis in murine renal artery stenosis (RAS) at 16.4 T. In this study, we aimed to identify appropriate imaging parameters for collagen detection at 3.0 T MRI and to test the utility of MT-MRI in measuring renal fibrosis in a swine model of atherosclerotic RAS (ARAS). Materials and Methods: To select the appropriate offset frequency, an MT-MRI study was performed on a phantom containing 0% to 40% collagen I and III with offset frequencies from −1600 to +1600 Hz and other MT parameters empirically set as pulse width at 16 milliseconds and flip angle at 800 degrees. Then selected MT parameters were used in vivo on pigs 12 weeks after sham (n = 8) or RAS (n = 10) surgeries. The ARAS pigs were fed with high-cholesterol diet to induce atherosclerosis. The MT ratio (MTR) was compared with ex vivo renal fibrosis measured using Sirius-red staining. Results: Offset frequencies at 600 and 1000 Hz were selected for collagen detection without direct saturation of free water signal, and subsequently applied in vivo. The ARAS kidneys showed mild cortical and medullary fibrosis by Sirius-red staining. The cortical and medullary MTRs at 600 and 1000 Hz were both increased. Renal fibrosis measured ex vivo showed good linear correlations with MTR at 600 (cortex: Pearson correlation coefficient r = 0.87, P < 0.001; medulla: r = 0.70, P = 0.001) and 1000 Hz (cortex: r = 0.75, P < 0.001; medulla: r = 0.83, P < 0.001). Conclusions: Magnetization transfer magnetic resonance imaging can noninvasively detect renal fibrosis in the stenotic swine kidney at 3.0 T. Therefore, MT-MRI may potentially be clinically applicable and useful for detection and monitoring of renal pathology in subjects with RAS.
R enal artery stenosis (RAS), a vascular disorder that induces kidney ischemia and remodeling, may ultimately lead to end stage-renal renal failure. In patients, atherosclerotic RAS (ARAS) accounts for approximately 90% of cases of RAS. 1 Atherosclerotic RAS is increasingly common in aging populations, particularly elderly people presenting with cardiovascular risk factors. 2 Renal injury is exacerbated by atherosclerosis due to the concurrent atherogenic factors. The affected kidneys typically undergo progressive deposition and accumulation of extracellular matrix components, composed mainly of fibronectin and collagen type I, III, and IV, that may evolve into tubulointerstitial fibrosis. 3 Renal fibrosis is a useful biomarker for diagnosis and evaluation of therapeutic interventions of renal diseases, but its assessment often requires invasive methods such as tissue biopsy. Notably, invasive methods are also prone to sampling error and observer variability and may result in complications. 4 Recently, noninvasive magnetic resonance-based imaging techniques, such as diffusion-weighted magnetic resonance imaging (MRI) [5] [6] [7] [8] [9] and magnetic resonance elastography, 10, 11 have been implemented to detect renal fibrosis. Although these methods have been shown to be effective, susceptibility to structural and hemodynamic changes other than renal fibrosis hampers their specificity for measuring fibrosis. Therefore, a noninvasive method that is specific for fibrosis is needed to afford early diagnosis and gauge progression of renal injury, as well as monitor success of therapeutic approaches.
Magnetization transfer imaging (MTI) can evaluate the amount of macromolecules in tissue based on interactions of protons from the free water and macromolecule pools. 12, 13 Selective saturation of the macromolecule pool leads to a signal decrease of the free water pool as a result of cross relaxation or chemical exchange between these two pools. Compared with conventional T 1 -, T 2 -, or proton densityweighted MRI techniques, MTI is more specific for evaluation of macromolecules. It has been applied to detect microstructural disruptions in the brain, 14, 15 tissue composition in diseased lungs 16 and kidneys, 17 and fibrosis in the intestines, [18] [19] [20] rectal cancer, 21 and mouse kidneys.
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Magnetization transfer parameters for collagen detection in murine RAS at 16.4 T were recently identified, and the applicability of MT-MRI in measuring and monitoring longitudinal progression of renal fibrosis demonstrated. 23 However, its capability for detecting renal fibrosis at clinical field-strength remains unknown. A novel swine model of unilateral ARAS also closely mimics human pathophysiology. 24, 25 Compared with mice, the pig represents a favorable model to study renal disease because its anatomy, physiology, and pathophysiology are comparable to that of humans. 26 In this study, we tested the hypothesis that MT-MRI would provide reliable assessments of renal cortical and medullary fibrosis in swine with unilateral ARAS at 3.0 T. We initially determined the appropriate offset frequencies for collagen detection in a phantom study. In addition, due to multiple renal medullary pyramids, manual selection of region of interest (ROI) in pig kidneys is laborious and timeconsuming. Therefore, we developed an algorithm for semi-automatic kidney segmentation during data analysis. We hypothesized that in vivo MT would correlate with ex vivo measurement of renal fibrosis determined by histology in both the cortex and medulla.
MATERIALS AND METHODS

Phantom Study
Magnetic resonance imaging studies were performed on a GE Signa HDxt 3.0 T scanner using an MT-prepared gradient echo sequence. To select the appropriate offset frequency, an MT-MRI study was initially performed on a phantom containing collagen types I and III (NeoCell, Newport Beach, CA) at 40%, 30%, 20%, 10%, and 0% concentrations in pure water (Fig. 1 
Animals
This study was approved by the Institutional Animal Care and Use Committee. Domestic female control pigs (n = 8) underwent a sham procedure and then fed with standard diet for 12 weeks. Unilateral RAS was induced in 10 other pigs by implantation in the right renal artery of a balloon-expandable local irritant coil under fluoroscopy, a model that we developed. 27 These pigs were also fed with a standard 2% high-cholesterol diet, 28, 29 including 15% Lard (Harlan Teklad, Madison, WI), starting from 6 weeks before surgery to induce early atherosclerosis (ARAS) and thereby aggravate fibrosis. All animals had free access to water.
In Vivo MT Study
The MT study was performed 12 weeks after surgery using the same sequence as in the phantom study. Anesthesia was induced with intramuscular injection of 5 mg/kg Telazol (Zoetis Inc, Kalamazoo, MI) and 2 mg/kg xylazine (Xylamed BiMeda Inc, Cambridge, Ontario, Canada), and maintained with 1% to 2% isoflurane. The pigs were also intubated for respiratory control. Coronal images of the kidney were acquired with the following imaging parameters as determined in the phantom study: offset frequency, 600 and 1000 Hz; slice thickness, 2.6 mm; slice number, 5; FOV, 35 Â 35 cm 2 ; matrix size, 192 Â 128; phase FOV, 0.75; reconstruction matrix size, 256 Â 256. All other imaging parameters were the same as in the phantom study.
For selection of cortical and medullary ROIs, T 1 /T 2 * -weighted images were acquired using a multiecho gradient echo sequence with the same anatomical prescription as in the MT study. Multiple images with a repetition time of 200 milliseconds and echo times from 16 to 40 milliseconds were acquired, and the one with the highest signal-tonoise ratio and cortical-medullary distinction was selected for kidney segmentation. To avoid respiratory motion, all MRI scans were performed with suspended respiration.
In Vivo MDCT Study
Single-kidney hemodynamics and function were assessed using multiple detector computed tomography (MDCT) 2 days after MRI. Animals were anesthetized as in the MRI study, and anesthesia was maintained with intravenous infusion of ketamine (0.2 mg/kg per minute, Hospria Inc, Lake Forest, IL) and xylazine (0.03 mg/kg per minute) throughout the course of imaging. The degree of RAS was assessed using selective angiography. A blood sample was collected from the inferior vena cava, and the mean arterial pressure was measured using a carotid artery catheter. For renal perfusion and glomerular filtration rate (GFR), 140 consecutive scans were continuously acquired in 3 contiguous 5-mm slices after a bolus injection of iopamidol (0.5 mL/kg in 2 seconds; Omnipaque, Novalplus) through a catheter placed in the right atrium. 30 Renal volume was measured 15 minutes after the flow study to allow contrast washout. Another bolus of iopamidol (0.5 mL/kg over 5 seconds) was injected, and 30 to 34 contiguous 5-mm-thick slices covering the whole kidney were imaged.
Image Analysis
All MRI images were analyzed using software modules developed in-house in Matlab (Mathworks, Natick, MA). The magnetization transfer ratio (MTR) map was calculated in both kidneys pixel-wise as (M 0 − M t )/M 0 . Renal MTR was normalized by dorsal muscle MTR to correct for intrasubject and intersubject B 1 inhomogeneity. Because of the moderate contrast in MT images (Figs. 2A, B) , cortical and medullary ROIs were selected on T 1 /T 2 * -weighted anatomical images of the same slices (Fig. 2E) . A larger T 1 in renal medulla leads to lower signal intensity in T 1 -weighed image, 31 whereas lower oxygenation makes the medulla appear darker than the cortex in T 2 * -weighted images. 32 Therefore, a combination of T 1 and T 2 * weighting gives rise to a good cortical-medullary contrast. A Matlab-based module was implemented for semi-automatic selection of cortical and medullary ROIs following several steps ( Fig. 2F): (1) exclusion of the collecting system, (2) image segmentation by thresholding, 33 (3) image opening to correct misclassified pixels in renal cortex, and (4) edge detection of the borders of cortex and medulla. The threshold for image segmentation and the kernel size for image opening were manually edited to adjust ROI selection. The proposed algorithm provided a visually satisfactory segmentation of cortex and medulla (Fig. 2G ). The selected ROIs were then propagated and applied for quantification of cortical and medullary MTRs. The mean values from all ROIs in different slices were averaged.
Multiple detector computed tomography images were analyzed using the Analyze software package (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN). Kidney volume was quantified based on the cortical and medullary ROIs manually placed on all frames where kidney was observed. For renal hemodynamics and function, tissue attenuation curves were generated from aorta, renal cortex, and medulla, and fitted by an in-house developed Matlab module to quantify renal perfusion and normalized GFR. 34, 35 Renal blood flow (RBF) was calculated as the sum of the products of cortical and medullary perfusions and corresponding volumes, and GFR (milliliters per minute) by multiplying cortical volume (cubic centimeter) and normalized GFR (milliliters per minute per cubic centimeter).
Ex Vivo Studies
All pigs were euthanized 3 to 5 days after the MDCT study, and the kidneys were harvested, fixed in 10% formalin, and processed for histology. Sirius-red staining was performed on 5-μm axial slices of tissue corresponding to magnetic resonance tomographic slices as per anatomic landmarks. 36 Fibrosis was quantified as the fraction of fibrotic area over the total cross-sectional area of the tissue using AxioVision4.8 (Carl Zeiss SMT, Oberkochen, Germany). Serum creatinine level was measured by using the DetectX Creatinine Detection kit (K002-1 H; Arbor Assays, Ann Arbor, MI).
Statistical Analysis
Statistical analysis was performed using JMP 10.0 (SAS Institute, Cary, NC). The normality of the data was assessed using the ShapiroWilk test. Results were expressed as means ± standard deviations for normally distributed data or medians with ranges in parentheses for non-normally distributed data. One-way analysis of variance followed by unpaired Student's t test or the Wilcoxon rank sum test was performed to compare the control and ARAS groups, as appropriate. The Pearson correlation was used to compare fibrosis measured in vivo and ex vivo. A P value of 0.05 or less was considered statistically significant. 
RESULTS
Collagen Phantom Study
Representative MTR maps of the collagen phantom at 400, 600, 800, and 1000 Hz offset frequencies are shown in Figure 1A . Increasing collagen concentrations enhanced the MTeffect and thereby gave rise to larger MTR. The MTRs obtained at different offset frequencies are shown in Figure 1B . A smaller offset frequency resulted in a larger MTR, but also induced stronger direct saturation of free water signal. Overall, an offset frequency between 600 and 1000 Hz was found to offer relatively high MT sensitivity with minimal direct saturation of the free water pool.
A good linear correlation was observed between collagen concentration and MTRs at 600 (R 2 = 0.979, Fig. 1C ) and 1000 Hz (R 2 = 0.935, Fig. 1D ), indicating that MTRs at both offset frequencies can be used to index collagen concentration. Therefore, to achieve high MT sensitivity with little free water saturation, offset frequencies at 600 and 1000 Hz were chosen for in vivo studies. Other MT parameters were kept the same as in the phantom study, that is, pulse width at 16 milliseconds, flip angle at 800 degrees, and 1 pulse per repetition.
Animal Characteristics and Renal Function
The animal characteristics and renal functional indices are shown in Table 1 . Atherosclerotic RAS pigs had a moderate unilateral stenosis with a median of 72.5% (30%-98%), with greater body weight (likely as a result of high-cholesterol diet), and mean arterial pressure (MAP). Atherosclerotic RAS induced a slight loss in renal function, as indicated by the elevated serum creatinine level. A significant decrease in both cortical and medullary volumes was observed in the ARAS kidneys, which was accompanied by impaired cortical perfusion. Consequently, RBF and GFR both decreased significantly in the stenotic kidneys, indicating the functional significance of the stenosis.
In Vivo MT
Shown in Figures 2A to C are the representative M 0 , M t , and the calculated MTR maps of a pair of control kidneys at the offset frequency of 600 Hz. In most normal pigs, the mean cortical MTR in the right kidney was slightly larger than that of the left kidney at both 600 and 1000 Hz, possibly because of B 1 field inhomogeneity. Indeed, slightly larger MTR was also observed in the right psoas muscle (Fig. 2C) . To correct for the B 1 variation, the kidney MTR was normalized by MTR of ipsilateral psoas muscle, resulting in uniform looking normal kidneys ( Figure 2D ). Similar to the phantom study, we observed an obvious disturbance on the free water signal at 400 Hz, but not at 600 to 1000 Hz (Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/RLI/A328).
Renal Fibrosis
Representative Sirius-red-stained tissue sections viewed under polarized light are shown in Figure 3A . The stenotic ARAS kidneys showed greater fibrosis than controls in both the cortex (Fig. 3B,  7 .4% ± 2.1% vs 4.0% ± 0.9%, P = 0.001) and medulla (Fig. 3B,  10 .1% ± 2.0% vs 6.3% ± 1.0%, P < 0.001).
Representative MTR maps of the control and ARAS kidneys at 1000 and 600 Hz are shown in Figure 3C . Compared with control kidneys, the cortical (76.0% ± 3.3% vs 71.5% ± 2.3%, P = 0.005) and medullary (66.8% ± 3.5% vs 60.1% ± 1.9%, P < 0.001) MTRs in the stenotic ARAS kidneys at 1000 Hz were increased by 6.3% and 11.1%, respectively (Fig. 3D) . At 600 Hz, a 4.3% increase in cortical (79.5% ± 2.7% vs 76.2% ± 1.1%, P = 0.006) and 7.2% in medullary (73.0% ± 2.6% vs 68.1% ± 2.8%, P = 0.001) MTR were also observed (Fig. 3D) . Therefore, although MTRs at 600 and 1000 Hz both showed significant increases, the latter better differentiated normal and stenotic ARAS kidneys. In the contralateral ARAS kidneys, cortical (1000 Hz: 70.7% ± 2.4%, P = 0.001; 600 Hz: 74.3% ± 1.9%, P < 0.001) and medullary (1000 Hz: 60.3% ± 2.9%, P = 0.001; 600 Hz: 67.0% ± 2.8%, P < 0.001) MTRs were also significantly lower than in the stenotic kidneys (Fig. 2 , Supplemental Digital Content 2, http://links. lww.com/RLI/A329).
In addition, the ARAS pigs were subdivided into 2 groups: moderate (stenosis ≥ 75%, n = 5) and severe (stenosis < 75%, n = 5) RAS (Fig. 3A , Supplemental Digital Content 3, http://links.lww.com/RLI/ A330). Whereas moderate ARAS only induced slight increases in MTR, kidneys with severe stenosis showed 10.2% (78.8% ± 1.3% vs 71.5% ± 2.3%, P < 0.001) and 13.5% (68.3% ± 2.8% vs 60.1% ± 1.9%, P < 0.001) increases in cortical and medullary MTR at 1000 Hz. At 600 Hz, cortical and medullary MTRs showed smaller increases of 7.0% (81.6% ± 1.5% vs 76.3% ± 1.1%, P < 0.001) and 9.5% (74.6% ± 1.1% vs 68.1% ± 2.9%, P = 0.001), respectively (Fig. 3B , Supplemental Digital Content 3, http://links.lww.com/RLI/A330). Furthermore, only 1000 Hz detected an increase in medullary MTR in moderate ARAS compared with normal kidneys. Cortical fibrosis quantified from Sirius-red-stained tissue sections showed strong correlations with MTRs at both 600 (Fig. 4A , Pearson correlation coefficient r = 0.87, P < 0.001) and 1000 Hz (Fig. 4C , r = 0.75, P < 0.001). In the renal medulla, ex vivo fibrosis also significantly associated with MTR at 600 Hz (Fig. 4B , r = 0.70, P = 0.001) and 1000 Hz (Fig. 4D , r = 0.83, P < 0.001).
DISCUSSION
This study demonstrates the capability of MTI in assessing fibrosis in swine stenotic ARAS kidneys. Appropriate MT parameters were selected in the collagen phantom and applied in the in vivo MTI. The measured cortical and medullary MTRs both showed a good correlation with fibrosis measured ex vivo using Sirius-red staining. Taken together, MTI might provide useful noninvasive indices of renal fibrosis. Appropriate irradiation-offset frequencies need to be selected to optimize MTI. The MT module typically consists of multiple pulses with large flip angles, which may cause high specific absorption rate and thermal heating in biological tissue, if not properly controlled. 37 With a high offset frequency, a larger flip angle is required to maintain MT contrast-to-noise ratio, but when too low, direct saturation of free water signal causes imaging artifacts. Previously, an optimal offset frequency at 1500 Hz has been identified for collagen detection at 16.4 T. 23 Given the field dependence of the optimal offset frequency, a collagen phantom study was first performed in this study at 3.0 T. We found that offset frequencies between 600 and 1000 Hz provided high collagen saturation with negligible perturbation on free water signal with the pulse width and flip angle empirically set at 16 milliseconds and 800 degrees, respectively.
Factors such as imperfect RF transmit coils may cause B 1 field inhomogeneity in MRI, that is, spatial variation in the flip angle. 38, 39 Differences in body size may also induce variations in B 1 field across subjects, which in turn might affect the degree of MT saturation, resulting in inaccurate MTRs. In our study, we observed both intrasubject and intersubject variations in MTRs of both kidneys and psoas muscles. Therefore, to correct B 1 field inhomogeneity and ensure the reliability of MTI in vivo, we implemented normalization of the renal MTR by MTR of the ipsilateral psoas muscle.
Atherosclerotic RAS compromised renal function, as evidenced by the increased MAP and serum creatinine, as well as the decreased stenotic kidney volume and hemodynamics. Although we observed a wide range of stenosis severities, the median degree was moderate, and thus accompanied by development of an overall mild tubulointerstitial fibrosis in the affected kidneys. Therefore, this swine ARAS model provided a good opportunity for investigation of the capability of MTI in assessing a spectrum of fibrosis grades, including subtle increases in renal fibrosis. Indeed, we found a good correlation between in vivo MTR (at 600 and 1000 Hz) and ex vivo renal fibrosis by Sirius-red staining, suggesting that MTI provides reliable measurements of renal fibrosis in swine kidneys. The pig model recapitulates distinct features of human ARAS, evidenced by reduced renal oxygenation, excessive release of inflammatory cytokines, and infiltration of inflammatory cells. [40] [41] [42] [43] [44] [45] [46] Therefore, MTI might potentially be useful to detect renal fibrosis in patients as well. A sizable number of patients with mild and moderate chronic kidney disease have mild (5%-25%) renal fibrosis, 47 implying that this tool may be clinically useful. The wide availability of the imaging sequence in clinical scanners and short acquisition time (~1.5 minutes for 1 M 0 and 2 M t scans) also makes the MTI clinically applicable. To shorten the breath-hold period in patients, fast imaging techniques, such as generalized autocalibrating partial parallel acquisition, sensitivity encoding, and non-Cartesian k-space sampling can be applied in the clinical setting to expedite data acquisition.
There are several limitations to our study. First, factors in the ARAS kidneys other than fibrosis, such as reduced renal perfusion, accumulation of other extracellular proteins, and inflammatory cell infiltration, might possibly affect MTR, and further studies are needed to investigate their influence on MTI. Second, MTRs at 1000 Hz showed a larger difference between ARAS and normal kidneys than those at 600 Hz. This might be induced by slight direct water saturation at 600 Hz, due to a larger frequency spread of the free water as a result of in vivo susceptibility variation. Third, the ARAS pigs showed a wide range of RAS as a result of different biological responses to the irritating coils. Nevertheless, this variability provided the opportunity to test the applicability of MTI in detecting a range of swine renal fibrosis by comparing to histology. A better control of RAS can be achieved by direct reduction of the vessel diameter using an inflatable cuff. 48 Fourth, the proposed semi-automatic segmentation method may not be applicable to kidneys with reduced corticomedullary contrast as a result of chronic diseases, in which case manual segmentation may be warranted. In addition, we investigated the utility of MTI in detecting renal fibrosis only at 12 weeks after induction of RAS, and its ability to monitor progression or regression of renal fibrosis needs to be explored in future studies.
In conclusion, noninvasive MTI successfully measured mild renal tubulointerstitial fibrosis in swine kidneys with unilateral ARAS. Magnetization transfer ratio measurement in ROIs defined using a semi-automatic algorithm for kidney segmentation correlates well with ex vivo renal fibrosis. Therefore, MTI may be valuable for noninvasive assessment of renal pathology, and potentially for evaluation of the success of therapeutic interventions in patients with RAS.
